Aging is now viewed as a complex multifactorial process involving time-course changes occurring at the molecular and cellular levels that disturb biological homeostasis, and ultimately lead to the death of the organism. One of the many crucial questions faced by modern biology concerns the causes and factors determining the rate of aging (Sander et al., 2008) . Recent findings provide conclusive evidence that underlying this phenomenon is a complex molecular mechanism (Funayama and Ishikawa, 2007; Altieri et al., 2008) .
It is particularly interesting to observe changes in the genome of aging somatic cells. One of the manifestations of changes in the DNA of aging cells is an increase in mutations in the sequences of specific genes as well as an increase in overall genome instability leading to chromosomal aberrations (Altieri et al., 2008; Li et al., 2008) . During the individual's lifetime, cells are exposed to many factors that may damage genetic material. In this context, most attention is focused on reactive oxygen species (Burhans and Weinberger, 2007; Gruber et al., 2008) .
In mammalian cells, they are a natural byproduct of aerobic endogenous metabolism in mitochondria and peroxisomes. Hydroxyl radical, one of the most reactive oxygen species, is the main factor that causes damage to cells, their structure, and molecules, including DNA. DNA damage by endogenously generated reactive oxygen species results mainly in single-strand breaks (SSBs), less often in doublestrand breaks (DSBs). Meanwhile, exogenous factors such as ionizing radiation, UV radiation, and chemical mutagens cause mainly double-strand breaks (Wilson et al., 2003) . DNA damage by reactive oxygen species may therefore result in chromosomal aberrations, cell cycle disturbances, cell death, and tumorigenesis, as well as being one of the causes of aging (Nussenzweig, 2007) .
Observations in mice and other species provide unequivocal evidence for agerelated accumulation of mitochondrial damage as well as nuclear DNA damage (Sedelnikova et al., 2004) . At the same time, studies investigating damage to both DNA strands indicate that two mechanisms that prevent this type of defects -nonhomologous end joining (NHEJ) and homologous recombination (HR) -play a role in the aging process. The complete or partial loss of the biological activity of proteins involved in any of the repair systems increases genome instability, which may accelerate the aging process (Li et al., 2008) . NHEJ repair capacity was observed to undergo a decline in aging fibroblasts (Gorbunova et al., 2007) . This is associated with Ku proteins, the expression level and DNA binding capacity of which depend on age and type of tissue (Um et al., 2003) . Inconsistent evidence is available about peripheral blood lymphocytes, in which biological activity of Ku80 does not decrease with age, as is the case with other cell types. This draws attention to another mechanism responsible for repair of DSB type damage. Comparison of data obtained for neonatal and adult lymphocytes revealed an increase in the frequency of chromosomal aberrations, which was positively correlated to the occurrence of non-allelic homologous recombination (NAHR) in these cells (Flores et al., 2007) . However, whether homologous recombination is involved in mammalian cell aging to a similar extent as repair involving non-homologous end joining is still unknown.
Our recent studies carried out on 80 horses divided into 3 age groups (juvenile, adult, old) showed that breed-independent and age-associated changes in genomic stability may contribute, at least in part, to the aging process in the horse (Wnuk et al., 2011) . We observed a significantly increased level of positive TUNEL cells (both apoptotic and with DNA fragmentation), oxidative DNA damage (8-oxoG immunostaining), sister chromatid exchange and bleomycin-induced chromatid breaks in the old group compared to the adult group horses. However, we observed a negative correlation between micronuclei formation and age, which may be associated with damaged cells undergoing apoptosis, rather than expressing micronuclei (Wnuk et al., 2011) .
The development of molecular biology techniques has directed increased attention to changes in sequences responsible for maintaining functional integrity of chromatin, such as telomeres, heterochromatin or rDNA.
In vertebrates, telomeres consist of repeating sequences of TTAGGG and the associated proteins (Blackburn, 1991) . Together with TRF proteins, guanine-rich telomeric sequences form loops, which stabilize chromosome ends. In most normal human somatic cells, telomeres are shortened by 50-200 bp with each replication round. When telomere length reaches a critical value of about 4-7 kbp, cell division is arrested (Allsopp et al., 1992; Levy et al., 1992) . This phenomenon, known as the Hayflick limit, determines the replicative lifespan of cells and is probably the main mechanism that limits divisions of mammalian cells in vitro (Hayflick, 1998) . Telomere length is also regulated by the associated proteins such as TRF1 and TRF2, as well as by telomerase reverse transcriptase, which adds TTAGGG repeats to chromosome ends (Smogorzewska and de Lange, 2004) . The activity of this enzyme was found in vitro in some cell lines, cancer cells, germ cells, as well as in cells with increased division potential, such as stem cells and activated T and B lymphocytes (Hines et al., 2005) . The loss of telomerase enzymatic activity leads to progressive telomere shortening, formation of chromosome fusions, and cell death (Blackburn, 2005) . Research on telomerase activity and telomere shortening has shown that only cancer cells, sex cells and immortalized cell lines are able to prevent telomere shortening. Analyses with equine immortalized fibroblasts showed high levels of telomerase activity in this type of cells in contrast to primary cell cultures (Argyle et al., 2003) . The other cell types mentioned above are only able to slow down this process. Lymphocyte studies provided evidence that disturbances of telomere structure due to telomere shortening with age can lower immune resistance (Weng et al., 1995; Hodes et al., 2002) . This is associated with the role telomeres play in normal cells, ensuring the integrity and stability of chromosomes, and protecting them against degradation, fusion and inappropriate recombination (Bolzan and Bianchi, 2006) . Damage to the telomeric region of the chromosome could be one of the factors that limit the cell's ability to divide, thus determining replicative lifespan. In human lymphocytes they have been implicated in increased frequency of chromosomal aberrations, and in cells of elderly people telomere shortening and the presence of large heterochromatin blocks were found to be positively correlated with the incidence of aberrations such as aneuploidy (Leach et al., 2004) .
Of note is also the hypothesis that proteins associated with telomeres move to other loci, including rDNA, in mammalian somatic cells that normally lack telomerase activity, i.e. along with telomere shortening that progresses with advancing age. This may lead to the silencing of genes responsible for transcription of rRNA genes, among others (Guarente, 1997). The claim that telomere length is the main factor determining the cell's lifespan has recently been subject to criticism. In this context, it seems appropriate to investigate the inheritance of telomere length and to determine which protein or genetic factor is directly involved. Research studies have produced inconsistent or insufficient evidence on this subject (Kappei and LondonoVallejo, 2008) .
The observed differences in telomere length may be associated with (1327)T/C polymorphism in the hTERT promoter gene (Matsubara et al., 2006) , although not in all human populations (Nordfjall et al., 2007) . Several reports have appeared in recent years on the inheritance of telomere length in humans and the effect of environmental factors (Huda et al., 2007; Gilley et al., 2008) . They indicate that the rate of this phenomenon varies during the individual's lifetime. In neonates telomere length was found to shorten rapidly, in adults this process is slowed or completely undetectable, and in elderly people the rate of telomere shortening increases again. These observations motivate a search for differences in the rate of changes associated with telomere shortening (Frenck et al., 1998) . Studies on telomerase activity in peripheral blood lymphocytes show that it is genetically regulated in response to myogenic stimulation of the cells and the activity of this enzyme increases after antigenic stimulation of the cells (Kosciolek and Rowley, 1998) . Telomere shortening in lymphocytes is definitely a complex process that needs further analyses, including molecular cytogenetic tools.
Another group of researchers has pointed to heterochromatinization as a phenotypic, molecular marker of aging. According to the same authors, heterochromatinization progresses with age and results in decreased repair processes, increased chromosomal aberrations, and silencing of some genes (Lezhava, 2001) . What is more, observations on the chromatin of aging mammalian cells revealed redistribution of heterochromatin from constitutive heterochromatin regions (such as pericentromeric or telomeric regions) to other euchromatic sites such as senescence-associated heterochromatin foci (SAHF). Epigenetic modification of SAHF foci may often lead to the formation of blocks of facultative heterochromatin (Narita et al., 2003) . These regions are suspected to silence the expression of genes involved in skin cell proliferation (Herbig et al., 2006) . Deheterochromatinization of pericentromeric or telomeric chromosome regions that contain constitutive heterochromatin was also observed in aging cells (Funayama et al., 2006; Zhang et al., 2007) . Mouse cells lacking telomerase activity show telomere shortening and a simultaneous decrease in heterochromatinization compared to mouse cells with normal telomerase activity (Benetti et al., 2007) .
Another region which can be a useful marker of the aging process is the nucleolar organizer region (NOR), where genes responsible for synthesis of 18S, 5.8S and 28S rRNA are located. Ribosomal DNA is organized in tandem repeat units of variable length. Mammalian somatic cells may contain tens to hundreds of such repeat units per locus. In the horse, nucleolar organizer regions are located on three pairs of autosomal chromosomes, in the secondary constriction of the short arm of chromosome 1 and in pericentromeric regions of chromosome 28 and 31 (Świtoński et al., 1994; Słota et al., 2007) . In addition, some researchers report the presence of an extra rDNA locus on chromosome pair 27 (Derjusheva et al., 1998) . The main proteins of the transcription complex (UBF, SL1 and RNA pol I) remain associated with the nucleolar organizer region at mitosis (McStay and Grummt, 2008) . Nucleolar organizer regions are identified by silver nitrate staining (Goodpasture and Bloom, 1975) and in situ hybridization (ISH), using specific rDNA probes (Johnson et al., 2002) . Silver nitrate staining allows detecting transcriptionally active rDNA genes, while ISH detects all rDNA loci regardless of their transcriptional activity. It is assumed that AgNOR staining is the most effective procedure for detecting and determining the transcriptional activity of nucleolar organizer regions (Guillen et al., 2004) . Tran-scriptional activity of rDNA, expressed as the number and size of silver deposits, is closely correlated to the physiological status of the cell (Hubbell, 1985) .
Research on rDNA transcriptional activity in humans revealed a relationship between the number of silver deposits and age (Denton et al., 1981; Thomas and Mukherjee, 1996; Nakatani et al., 2007 ). An experiment with human submandibular glands showed that the number of silver deposits increases after birth, reaches a maximum at the age of 20-30 years, and decreases in senile age (Nakatani et al., 2007) . Many studies have shown that the average number of chromosomes with silver deposits is much higher in infants less than 1 year of age than in elderly people aged 69 to 83 years (Buys et al., 1979; Das et al., 1986; Nakatani et al., 2007) . This phenomenon is associated with reduced transcriptional activity due to rDNA loss (Johnson et al., 1975) .
Studies on repression of NOR transcriptional activity in mammals suggest that nucleolar organizer regions are inactivated by at least three mechanisms: elimination of rDNA, methylation of rDNA, and gene silencing due to position effects induced by heterochromatin or telomeres (Guillen et al., 2004; Slota et al., 2007) . Regulation of gene expression by methylation is an epigenetic mechanism that plays a crucial role in inactivation of NORs. Vertebrate DNA is often modified in CpG islands by a covalent bond of the methyl group into cytosine to form m5CpG (Gruenbaum et al., 1981) . Using restriction enzymes, Brock and Bird (1997) showed a mosaic pattern of CpG methylation of the repeat unit of human rDNA. The main part of the rDNA repeat unit can be methylated in most, if not all, vertebrates. Methylation is probably a fundamental mechanism that determines the absence of silver-staining proteins associated with the rDNA region. In rats, CpG methylation was mainly observed in enhancer and promoter regions of inactive rRNA gene copies. Using HpaII enzyme, a significant correlation was found between rDNA transcription activity and the activity of this enzyme (Stancheva et al., 1997) .
In recent years, Grummt and co-workers published a number of papers on methylation-dependent silencing of rRNA genes (McStay and Grummt, 2008 ). The silencing model posits that TTF-1 repositions nucleosomes in the vicinity of the promoter. This process requires ATP-dependent nucleolar remodelling complex (NoRC). NoRC consists of two subunits: TIP5 (TTF-1 interacting protein 5) and SNF2 (ATP-dependent remodelling factor). At the same time, NoRC interacts with DNA methyltransferases (DNMT1, DNMT3b) and histone deacetylases (HDAC1). NoRC also mediates histone H4 deacetylation and de novo DNA methylation (Li et al., 2005) . NoRC silences rDNA transcription through histone modification and DNA methylation in the rDNA promoter fragment (Strohner et al., 2004) . In addition, histone H3-lysine 9 (H3K9) methylation and subsequent binding of HP1 (heterochromatin protein 1) ultimately help to form a compact DNA structure (McStay and Grummt, 2008) . This reduces the degree of histone acetylation and induces a more tightly packed chromatin structure, which is why UBF cannot be bound to the methylated promoter and cannot form an active RNA pol I transcription complex. Methylation disturbances in aging cells have created considerable interest among scientists. It was shown, among others, that total 5-methylcytosine content in cells decreases with age (Mays-Hoopes, 1989 ). This decrease is probably related to a de-crease in DNMT1 methyltransferase expression (Berletch et al., 2007) . In addition, hypomethylation in aging cells is also observed in regions lying outside CpG islands. A similar phenomenon is often observed in cancer cells. In both propagation processes, hypomethylation is accompanied by increased incidence of chromosomal aberrations (Gaudet et al., 2003) . At the same time, it was observed that certain DNA regions in aging cells can also be hypermethylated (Fraga and Esteller, 2007) . It has been repeatedly demonstrated that suppressor genes in aging cells may undergo hypermethylation (Liu et al., 2003) . Increasing methylation with age was observed in rDNA genes in mouse liver, spleen and brain tissues, as well as ribosomal gene cluster inactivation. The authors suggest that hypermetylation of rRNA genes is age associated, but not organ-specific (Swisshelm et al., 1990) .
No data are available to suggest that similar processes occur in lymphocytic cells. The specific localization of eukaryotic loci of ribosomal DNA near heterochromatin blocks, centromeres or telomeres suggests that these sequences are not indifferent to the transcriptional activity of ribosomal genes. Long repeat sequences located in the proximity of rRNA genes may silence their activity, and the silencing of active genes by heterochromatin or telomere sequences is known as the position effect. Thus, the position effect may be another long-term mechanism that silences the transcriptional activity of rRNA genes. The position effect has been described in the chimpanzee, where it is associated with the presence of distal heterochromatin blocks near rDNA (Guillen et al., 2004) . The highly condensed heterochromatin region inhibits rRNA gene transcription by blocking bindings of proteins to specific sequences that they identify. The determination of potential mechanisms causing a change in the level of transcriptional activity of nucleolar organizer regions in aging cells is of special importance with regard to evaluating the division potential of these cells as well as AgNOR size variants as chromosome markers.
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